The herpes simplex virus 1 (HSV-1) Us3 gene encodes a serine/threonine protein kinase with an amino acid sequence that is conserved in the subfamily Alphaherpesvirinae (8, 24, 36) . The consensus target sequence of an HSV-1 Us3 homologue encoded by pseudorabies virus (PRV) is RnX(S/T)YY, where n is Ն2; X can be Arg, Ala, Val, Pro, or Ser; and Y can be any amino acid except an acidic residue (20, 21, 35) . The phosphorylation target site specificity of HSV-1 and other alphaherpesvirus Us3 kinases has been reported to be similar to that of the PRV homologue and to that of protein kinase A (PKA), a cellular cyclic AMP-dependent protein kinase (1, 4, 6, 13) . Based on studies showing that recombinant Us3 null mutant viruses have impaired growth properties in cell cultures and virulence in mouse models, Us3 has been suggested to be a positive regulator of viral replication and pathogenicity (25, 40) . Additional data have indicated other putative Us3 functions, including (i) to block apoptosis (22, (28) (29) (30) ; (ii) to promote nuclear egress of progeny nucleocapsids through the nuclear membrane (40, 42) ; (iii) to redistribute and phosphorylate nuclear membrane-associated viral nuclear egress factors UL31 and UL34 (14, 38, 39) and cellular proteins, including lamin A/C and emerin (19, 26, 27) ; (iv) to control infected cell morphology (13, 29) ; and (v) to downregulate cell surface expression of viral envelope glycoprotein B (12) . In addition, Us3 has been reported to mediate phosphorylation of several viral and cellular proteins, such as histone deacetylase 1 (HDAC1) and HDAC2 (14, 34, 37) . However, the linkage between these putative Us3 functions and their roles in viral replication and pathogenesis remains to be elucidated.
The intracellular activity of protein kinases is tightly regulated: they are turned on or off by phosphorylation, binding of regulatory subunits, interaction with small molecules, or their subcellular localization (41) . Therefore, information on the mechanism by which the activity of a protein kinase is regulated is necessary for understanding its overall features, as well as its functional sequelae. However, data on the regulation of Us3 catalytic activity has been limited.
We previously reported that UL13, another HSV-1-encoded protein kinase, phosphorylates Us3 in infected cells (15) . However, the biological significance of UL13-mediated phosphorylation of Us3 for the regulatory activity of Us3 has not been determined. In addition, we recently identified serine at Us3 residue 147 (Us3 Ser-147) to be a physiological phosphorylation site of Us3 in infected cells and demonstrated that alanine replacement of Us3 Ser-147 (Us3-S147A) significantly impaired protein kinase activity in in vitro kinase assays of purified recombinant Us3 expressed by a baculovirus expression system (13) . Furthermore, the Us3-S147A mutation affected the ability of Us3 to induce wild-type cytopathic effects and to localize correctly in HSV-1-infected cells. These observations suggested that phosphorylation of Us3 Ser-147 is involved in upregulation of Us3 catalytic activity and that this regulation is critical for control of infected cell morphology and Us3 localization (13) . However, we also obtained data that were not consistent with this hypothesis: the total protein kinase activity of Us3 carrying the S147A mutation, purified by immunoprecipitation from Vero cells infected with recombinant virus carrying the Us3-S147A mutation, was identical to that of wildtype Us3 from wild-type HSV-1(F)-infected Vero cells (13) . In agreement with this observation, other Us3 functions, such as viral growth properties in cells, regulation of UL34 localiza-tion, and modification of UL31 and HDAC2, were not affected by the Us3-S147A mutation in infected Vero cells (13) . We hypothesized from these observations that only a small fraction of Us3 molecules are phosphorylated at Ser-147 at any one time in infected cells and/or that most Us3 molecules are only phosphorylated transiently at specific times during viral infection. However, it is possible that phosphorylation of Us3 Ser-147 only regulates Us3 kinase activity in vitro during artificial overexpression of recombinant Us3 in the baculovirus system. Thus, the physiological relevance of phosphorylation of Us3 at Ser-147 in infected cells remains to be elucidated.
To resolve the function of phosphorylation of Us3 Ser-147 in infected cells, a probe(s) that specifically detects phosphorylated Us3 at Ser-147 (Us3-S147 P ) in infected cells is necessary. In the present study, a monoclonal antibody that specifically recognized Us3-S147 P was developed and used to show that phosphorylation of Us3 Ser-147 in infected cells, which was mediated by the kinase activity of Us3 itself, was tightly regulated and that the catalytic activity of Us3 was controlled by autophosphorylation in infected cells. We also present data showing that regulation of Us3 catalytic activity by autophosphorylation played a critical role in viral replication in vivo and in HSV-1 pathogenesis.
MATERIALS AND METHODS
Cells and viruses. Vero cells were described previously (44) , as was HSV-1 wild-type strain HSV-1(F) (44) . A Us3 deletion mutant virus, R7041 (36), was kindly provided by B. Roizman. The SP2/O murine myeloma cell line was kindly provided by K. Miyake. Recombinant virus YK511, encoding an enzymatically inactive Us3 mutant in which lysine at position 220 was replaced with methionine (Us3-K220M); recombinant virus YK513, in which the K220M mutation in YK511 was repaired (Us3-KM-repair); recombinant virus YK515, encoding a Us3-S147A mutant; and recombinant virus YK517, in which the S147A mutation in YK515 was repaired (Us3-SA-repair) were described previously (13) .
Viral infection. Vero cells were infected with indicated viruses at a multiplicity of infection (MOI) of 5 and subjected to various assays in this study.
Antibodies. Peptides corresponding to Us3 residues 141 to 154, with or without phosphorylation of Ser-147, were purchased from GL Biochem for generation of mouse monoclonal antibodies that specifically recognized Us3-S147 P . Peptides were covalently bound to keyhole limpet hemocyanin at the N terminus. BALB/c mice were immunized by repeated injections of 50 g phosphopeptide with either Freund's complete or incomplete adjuvant. Spleen cells from the immunized mice were fused with SP2/O murine myeloma cells, and supernatants of the hybridoma cells were screened using an enzyme-linked immunosorbent assay with either phosphorylated or unphosphorylated peptide. Rabbit polyclonal antibody to Us3 was described previously (13) . Mouse monoclonal antibodies to ␣-tubulin (DM1A) and ICP8 (10A3) were purchased from Sigma-Aldrich and Chemicon, respectively.
Immunoblotting and immunofluorescence. Immunoblotting was performed as described previously (17) , except that Can Get Signal immunoreaction enhancer solution A (Toyobo) was used when membranes were probed with monoclonal antibody to Us3-S147 P . The amount of protein in the bands was quantitated, as described in the figure legends, by using the Dolphin Doc image capture system with Dolphin-1D software (Wealtec). Indirect immunofluorescence was performed as described previously (12) , except that Can Get Signal immunostain solution A (Toyobo) was used when samples were reacted with a mouse monoclonal antibody to Us3-S147 P . Phosphatase treatment. Lysates of HSV-1(F)-infected Vero cells were treated with phosphatase (-PPase) as described previously (13) .
Immune complex kinase assays. Immune complex kinase assays were performed as described previously (13) , except that Vero cells were infected with either HSV-1(F), YK515, or YK517 at an MOI of 5 and monoclonal antibody to Us3-S147 P and anti-Us3 polyclonal antibody were used for immunoprecipitation. To reduce the possibility that the antibodies might coprecipitate a protein kinase in addition to Us3, the precipitated material containing Us3 protein kinase was washed with a high-salt buffer containing 1 M NaCl prior to the assays, as described previously (13) . The amount of radioactivity in phosphorylated substrate bands was quantitated in autoradiographs, as described in the figure legends, using the Dolphin Doc system with Dolphin-1D software.
Animal studies. Five-week-old female ICR mice were purchased from Charles River and handled in accordance with the requirements of the Animal Care and Use Committee of the Institute of Medical Science, University of Tokyo. Mice were infected with HSV-1 strains under deep anesthesia. Corneas of mice were lightly scarified with a 27-gauge needle, the tear film was blotted, and a 3-l drop containing 1 ϫ 10 6 or 1 ϫ 10 5 PFU of the indicated virus was applied to the eye as described previously (9, 33) . To determine viral titers in tear films, tear film samples were collected from both eyes using a single cotton-tipped applicator. The cotton tip was transferred to 1 ml medium 199 supplemented with 1% fetal calf serum and frozen at Ϫ80°C. Frozen samples were later thawed and thoroughly mixed, and infectious virus was quantitated by standard plaque assays on Vero cells. Mice were monitored daily until 16 days postinfection, and the clinical severity of herpes stromal keratitis (HSK) or periocular skin disease was scored as described previously (9, 33) . The HSK scoring system was as follows: 0, normal cornea; 1, mild corneal haze; 2, moderate corneal opacity or scarring; 3, severe corneal opacity, iris not visible; 4, opaque cornea; and 5, necrotizing stromal keratitis. The periocular skin disease scoring system was as follows: 0, no lesions; 1, minimal eyelid swelling; 2, moderate eyelid swelling accompanied by crusty ocular discharge; 3, severe eyelid swelling and moderate hair loss in periocular skin; and 4, severe swelling with eyes crusted shut, severe periocular hair loss, and skin lesions.
Induction of apoptosis and measurement of caspase 3/7 activity. Induction of apoptosis in HSV-1-infected cells was performed as described previously, except that Vero cells were used instead of SK-N-SH cells (15) . Caspase 3/7 activity was assayed using a Caspase-Glo 3/7 assay kit (Promega) as described previously (15) .
Electron microscopic analysis. Vero cells infected with HSV-1(F), R7041, or YK515 at an MOI of 5 for 20 h were fixed with 1% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 1 h on ice. The cells were then harvested and fixed for 1 h with the same fixative. Small pieces of fixed pellets were washed with the same buffer containing 3% sucrose and postfixed with 1% osmium tetroxide in the same buffer for 1 h on ice. The samples were then dehydrated with an ethanol gradient series followed by propylene oxide, embedded in Epon 812 resin mixture, and polymerized at 70°C for 2 days. Thin sections were stained with uranyl acetate and lead citrate and examined with a Hitachi H7500 electron microscope.
RESULTS
Production and characterization of monoclonal antibodies to Us3-S147 P . For studies of phosphorylation of Us3 Ser-147 in infected cells, monoclonal antibodies were raised against a synthetic phosphopeptide corresponding to Us3 residues 141 to 153 in which Ser-147 was phosphorylated. Phosphorylated Ser-147 was designated S147 P in this study. Three hybridoma clones (1.65.4, 3.21.1, and 1.3.1) that secreted antibodies that reacted with the phosphopeptide but not with unphosphorylated peptide in an enzyme-linked immunosorbent assay were isolated. Clone 1.65.4 was characterized further. As shown in Fig. 1A , in immunoblots of infected Vero cell lysates, the monoclonal antibody (anti-Us3-S147 P antibody) reacted with wild-type HSV-1(F) Us3 but not with YK515 Us3, which carries a S147A mutation. Immunoblots of lysates of Vero cells infected with YK517, in which the Us3-S147A mutation in YK515 was repaired, showed restoration of the reactivity of the antibody with Us3. These results indicated that the antibody recognized a Us3 epitope containing Ser-147. Furthermore, reactivity of the monoclonal antibody to wild-type Us3 was dependent on phosphorylation of Us3 Ser-147, based on the observation that phosphatase treatment of lysates of Vero cells infected with HSV-1(F) abolished the anti-Us3-S147 P reactivity. Taken together, these results indicated that the antiUs3-S147 P antibody was able to specifically detect Us3-S147 P in infected cells.
As described previously (27) , Us3 protein from HSV-1(F)-infected cell lysates was detected in a denaturing gel as a doublet with anti-Us3 polyclonal antibody (Fig. 1A , lower panel). In contrast, the anti-Us3-S147 P antibody reacted with only a single isoform of Us3 (Fig. 1A , upper panel). To determine which Us3 isoforms the anti-Us3-S147 P antibody recognized, lysates of Vero cells infected with HSV-1(F), YK515 (Us3-S147A), or YK517 (Us3-SA-repair) were subjected to immunoblotting with the anti-Us3-S147 P antibody ( Fig. 1B , the anti-Us3 Us3-S147 P antibody recognized the more-slowly migrating isoform of Us3. We note that the moreslowly migrating band seen in the immunoblot from HSV-1(F)-infected cells was detected even after phosphatase treatment (Fig. 1A , lower panel), suggesting that not all Us3 in the band represented the phosphorylated species at Ser-147 and that other and unknown modifications and/or isoforms were included in the band. Furthermore, we observed that the electrophoretic pattern of Us3 isoforms from YK515 (Us3-S147A)-infected cell lysates was different from that of Us3 isoforms from HSV-1(F)-or YK517 (Us3-SA-repair)-infected cell lysates (Fig. 1A , lower panel). In YK515 (Us3-S147A)-infected cells, the lower band was shifted up slightly and the upper band became the dominant species compared to those in HSV-1(F)-or YK517 (Us3-SA-repair)-infected cells. Similar results were also obtained in the experiments whose results are shown in Fig. 2E and Fig. 3A . These observations suggested that posttranslational modification of the Us3-S147A mutant was different from that of wild-type Us3 and further support our previous conclusion (13) that Ser-147 is a physiological phosphorylation site in Us3.
In addition, the anti-Us3-S147 P antibody efficiently precipitated Us3 proteins from lysates of Vero cells infected with HSV-1(F) but not from lysates of Vero cells infected with HSV-1(F) treated with phosphatase ( Fig. 2B and D) or lysates of Vero cells infected with YK515 (Us3-S147A) (data not shown), which confirmed that the anti-Us3-S147 P antibody efficiently and specifically precipitated Us3-S147 P from infected cell lysates. Furthermore, the efficiency of Us3 immunoprecipitation with anti-Us3 polyclonal antibody from infected Vero cell lysates was not affected by phosphatase treatment of the lysates ( Fig. 2A and C) or by an S147A mutation in Us3 ( Fig.  2E and F), indicating that the anti-Us3 polyclonal antibody precipitated both phosphorylated and unphosphorylated Us3 proteins from infected cell lysates with similar efficiencies.
Us3 autophosphorylation of Us3 Ser-147. We previously reported that Us3 Ser-147 was phosphorylated by Us3 and PKA in vitro (13) . However, it is known that some protein kinases are somewhat promiscuous in vitro if allowed sufficient reaction time and provided with enough substrate. Therefore, to identify the protein kinase(s) that mediates phosphorylation of Us3 Ser-147 in infected cells, Vero cells were infected with wild-type HSV-1(F); YK511, encoding the enzymatically inactive Us3 mutant Us3-K220M; YK513, in which the Us3 K220M mutation in YK511 had been repaired; and YK515 (Us3-S147A). At 18 h postinfection, infected cell lysates were analyzed by immunoblotting with anti-Us3-S147 P monoclonal antibody. As shown in Fig. 3 , phosphorylation of Us3 Ser-147 decreased significantly in YK511 (Us3-K220M)-infected cells compared to the level in wild-type-virus-infected cells, with no detectable phosphorylation of Us3 from YK515 (Us3-S147A)-infected cells. The wild-type phenotype was restored in cells infected with the repaired virus YK513 (Us3-KM-repair). These results indicated that Us3 protein kinase activity mediated phosphorylation of Us3 Ser-147 in infected cells. However, we noted that Us3 Ser-147 was slightly phosphorylated in the absence of Us3 protein kinase activity in YK511-infected cells (Fig. 3B ), indicating that a protein kinase(s) other than Us3, probably a cellular protein kinase(s), also mediated Us3 Ser-147 phosphorylation in infected cells.
Accumulation of Us3 phosphorylated at Ser-147 in infected cells. To monitor accumulation of Us3-S147 P in infected cells, Vero cells were infected with wild-type HSV-1(F); harvested at 3, 6, 9, and 12 h postinfection; and analyzed by immunoblotting with anti-Us3-S147 P and anti-Us3 antibody. As shown in Fig. 4 , both Us3-S147 P and total Us3 proteins were not detectable at 3 h postinfection and the levels of both proteins increased from 6 to 12 h postinfection. The amount of both Us3-S147 P and total Us3 peaked at 12 h postinfection and remained relatively constant thereafter (data not shown). However, there was a significant difference in the rate of accumulation of Us3-S147 P and total Us3 proteins, with Us3-S147 P increasing more rapidly than total Us3. At 6 h postinfection, the amount of Us3-S147 P was 71% of that at its peak at 12 h postinfection, while the amount of total Us3 was only 23% of that at its peak at 12 h postinfection. These observations indicated that more of the Us3 Ser-147 present early in infection (i.e., by 6 h postinfection) than of the Us3 Ser-147 present at later infection times was phosphorylated. Effect of the Us3-S147A mutation on Us3 accumulation in infected cells. We previously demonstrated that phosphorylation of Us3 Ser-147 is not required for proper accumulation of Us3 proteins in HSV-1-infected Vero cells at 18 h postinfection (13) . However, the results described above indicated that most phosphorylation of Us3 Ser-147 occurred earlier, by 6 h postinfection, and led us to investigate the accumulation of Us3 proteins at times earlier than 18 h postinfection. As shown in Fig. 5A and B, the accumulation of the mutant Us3-S147A protein in YK515 (Us3-S147A)-infected Vero cells was delayed by several hours compared to the accumulation of wildtype Us3 in HSV-1(F)-infected cells. The wild-type phenotype was restored in cells infected with the repaired virus YK517 (Us3-SA-repair) (Fig. 5C ). In contrast, delay in the accumulation of another viral protein, ICP8, in YK515 (Us3-S147A)-infected Vero cells was not observed. Consistent with our earlier report (13) , the level of mutant Us3-S147A protein in YK515-infected cells at 18 h postinfection was similar to that of wild-type Us3 protein in HSV-1(F)-infected cells. These results indicated that the Us3 Ser-147 phosphorylation site was required for proper accumulation of Us3 in infected cells at an early phase of HSV-1 infection.
Intracellular localization of Us3-S147 P in infected cells. To investigate the localization of Us3-S147 P in infected cells, Vero cells were infected with HSV-1(F), YK515 (Us3-S147A), or YK517 (Us3-SA-repair) and analyzed by immunofluorescence with confocal microscopy. In wild-type HSV-1(F)-infected Vero cells, Us3-S147 P accumulated in both the nucleus and cytoplasm throughout the infection (Fig. 6 ). We note that nuclear rim staining of Us3-S147 P proteins was especially evident at 12 or 18 h after infection. No specific staining of Us3-S147 P proteins was detected in YK515 (Us3-S147A)-infected cells throughout the infection, and wild-type staining of Us3-S147 P was restored in YK517 (Us3-SA-repair)-infected cells (Fig. 6 and data not shown). As reported previously (13, 40) , polyclonal antibody to Us3 had a consistent background fluorescence in cells infected with HSV-1 Us3 null mutants, making it difficult to draw conclusions about the exact localization of Us3. Therefore, we could only compare the results for immunofluorescence with the anti-Us3-S147 P antibody to previous reports (11, 13, 42) where total Us3 localization was analyzed. The comparison suggested that there was no apparent difference in staining patterns between Us3-S147 P and total Us3 proteins.
Effect of phosphorylation of Us3 Ser-147 on Us3 catalytic activity in infected cells. To determine whether phosphorylation of Us3 Ser-147 regulates Us3 catalytic activity in infected cells, Vero cells were infected with wild-type HSV-1(F), YK515 (Us3-S147A), or YK517 (Us3-SA-repair) at an MOI of 5, harvested at 18 h postinfection, solubilized, and immunoprecipitated with anti-Us3-S147 P monoclonal or anti-Us3 polyclonal antibody. As described above (Fig. 2) , in infected cell lysates, anti-Us3-S147 P immunoprecipitated Us3-S147 P and anti-Us3 immunoprecipitated phosphorylated Us3, unphosphorylated Us3, and Us3-S147A equivalently. To obtain approximately equal amounts of immunoprecipitated Us3 proteins for each of the antibodies in these experiments, twofold dilutions of cell lysates were immunoprecipitated with anti-Us3 antibody and compared to the immunoprecipitates with antiUs3-S147 P antibody. The immunoprecipitates were then divided into four aliquots. Two of the immunoprecipitate aliquots were separated in a denaturing gel and analyzed by immunoblotting with anti-Us3 (Fig. 7A) or anti-Us3-S147 P (Fig. 7B) antibody. When approximately equal amounts of total Us3 proteins from HSV-1(F)-and YK517 (Us3-SA-repair)-infected cells were immunoprecipitated with anti-Us3-S147 P or anti-Us3 antibody (Fig. 7A) , the anti-Us3-S147 P immunoprecipitates, with only Us3-S147 P , contained much more Us3-S147 P than the anti-Us3 immunoprecipitates, with both phosphorylated and unphosphorylated Us3 at Ser-147 (Fig.  7B) . Quantitation of these results showed that only about 6% of total Us3 protein was phosphorylated at Ser-147 in cells infected with either wild-type HSV-1(F) or YK517 (Us3-SArepair) (Fig. 7C) .
The other two immunoprecipitate aliquots described above were used for in vitro kinase assays with maltose binding protein (MBP)-UL34 and MBP-LacZ. In agreement with our previous report (13) , MBP-UL34 was phosphorylated in kinase assays using anti-Us3 immunoprecipitates from HSV-1(F)-infected cells at a level similar to that in kinase assays using anti-Us3 immunoprecipitates from YK515 (Us3-S147A)-infected cells (Fig. 7D, lanes 1 and 3) . In contrast, MBP-UL34 was efficiently phosphorylated in kinase assays using anti-Us3-S147 P immunoprecipitates from cells infected with HSV-1(F) FIG. 6 . Digital confocal images showing the localization of Us3-S147 P . Vero cells were infected with wild-type HSV-1(F), YK515 (Us3-S147A), or YK517 (Us3-SA-repair). Infected Vero cells were fixed at the indicated times postinfection, permeabilized, stained with anti-Us3-S147 P antibody, and examined by confocal microscopy. hpi, hours postinfection; ␣, anti; DIC, digital interference contrast. (lanes 1 and 2) , YK515 (Us3-S147A) (lanes 3 and 4), and YK517 (Us3-SA-repair) (lanes 5 and 6). Infected Vero cells were harvested at 18 h postinfection, solubilized, and immunoprecipitated with anti-Us3 (lanes 1, 3, and 5) or anti-Us3-S147 P antibody (lanes 2, 4, and 6). The immunoprecipitates were then divided into four aliquots. Two immunoprecipitate aliquots were separated in a denaturing gel and analyzed by immunoblotting with anti-Us3 (A) and anti-Us3-S147 P (B) antibodies. (C) Amount of Us3-S147 P protein shown in panel B relative to the amount of total Us3 protein shown in panel A. In the left graph, the data were normalized to the relative amount for immunoprecipitates with anti-Us3-S147 P antibody for cells infected with HSV-1(F) shown in panels A and B, lanes 2. In the right graph, the data were normalized to the relative amount for immunoprecipitates with anti-Us3-S147 P antibody for cells infected with YK517 (Us3-SA-repair) shown in panels A and B, lanes 6. (D and E) For in vitro kinase assays of the other two immunoprecipitate aliquots, the immunoprecipitates described for panels A and B were incubated in kinase buffer containing [␥-32 P]ATP and MBP-UL34 (D) or MBP-LacZ (E) and separated in denaturing gels. The gels were stained with Coomassie brilliant blue (CBB) (upper panels) and analyzed by autoradiography (lower panels). (F) Amount of radioactivity in 32 P-labeled MBP-UL34 produced in a kinase reaction whose results are shown in panel D, lower panel, relative to the amount of total Us3 protein shown in panel A. In the left graph, the data were normalized to the relative value for the kinase activity of anti-Us3-S147 P immunoprecipitates from cells infected with HSV-1(F) shown in panels D, lower panel, and A, lanes 2. In the right graph, the data were normalized to the relative value for the kinase activity of anti-Us3-S147 P immunoprecipitates from cells infected with YK517 (Us3-SA-repair) shown in panels D, lower panel, and A, lanes 6. ␣, anti; IP, immunoprecipitation; IB, immunoblotting; Total Us3, Us3 protein detected by anti-Us3 polyclonal antibody.
FIG. 7. (A and B) Immunoblots of electrophoretically separated Us3 immunoprecipitates from Vero cells infected with wild-type HSV-1(F)
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and YK517 (Us3-SA-repair) (Fig. 7D , lanes 2 and 6), but little phosphorylation was detected in kinase assays using anti-Us3 immunoprecipitates from YK515 (Us3-S147A)-infected cells (Fig. 7D, lane 3) . The relative kinase activity of anti-Us3-S147 P immunoprecipitates from cells infected with HSV-1(F) or YK517 (Us3-SA-repair) (Us3-S147 P ) was about sevenfold higher than that of anti-Us3 immunoprecipitates from YK515 (Us3-S147A)-infected cells (Us3-S147A) (Fig. 7F) . Similarly, MBP-UL34 was phosphorylated in kinase assays using antiUs3-S147 P immunoprecipitates from cells infected with HSV-1(F) and YK517 (Us3-SA-repair) (Us3-S147 P ) much more efficiently than in kinase assays using anti-Us3 immunoprecipitates from cells infected with HSV-1(F) and YK517 (Us3-SA-repair), in which most Us3 proteins were unphosphorylated at Ser-147 (Fig. 7D, lanes 1, 2, 5, and 6 ). The relative kinase activity of anti-Us3 immunoprecipitates from cells infected with HSV-1(F) or YK517 (Us3-SA-repair) was about eight-or ninefold lower than that of anti-Us3-S147 P immunoprecipitates from cells infected with HSV-1(F) or YK517 (Us3-SA-repair) (Us3-S147 P ), while the activity of the anti-Us3 immunoprecipitates was similar to that of anti-Us3 immunoprecipitates from YK515 (Us3-S147A)-infected cells (Us3-S147A) (Fig. 7F) . None of the immunoprecipitates phosphorylated MBP-LacZ (Fig. 7E) . These results indicated that Us3-S147 P from infected cells had a much higher protein kinase activity than Us3 not phosphorylated at Ser-147.
Effect of the Us3-S147A mutation on viral replication and pathogenesis in mice. Us3 has been reported to play a critical role(s) in HSV-1 pathogenesis in experimental animals (25) . To determine the effect(s) of the Us3-S147A mutation on viral replication and pathogenesis in vivo, we employed the murine model of HSK. Mice were inoculated ocularly with 1 ϫ 10 6 PFU/eye of YK511 (Us3-K220M), YK513 (Us3-KM-repair), YK515 (Us3-S147A), or YK517 (Us3-SA-repair) and observed daily for 16 days postinfection for HSK development and periocular skin disease. In addition, to examine viral replication at the infection site, tear film samples were collected at the times indicated in Fig. 8 and viral titers were determined. As shown in Fig. 8 , mice infected with YK511 (Us3-K220M) and YK515 (Us3-S147A) exhibited a reduced severity of HSK and periocular skin disease compared to mice infected with the YK513 (Us3-KM-repair) and YK517 (Us3-SA-repair) repaired viruses. Similar results were also obtained when mice were infected ocularly with 1 ϫ 10 5 PFU of each of the viruses (data not shown). In addition, YK511 (Us3-K220M) and YK515 (Us3-S147A) replicated significantly less efficiently in the tear films of these infected mice, with titers approximately 10-to 100-fold lower than those of the YK513 and YK517 repaired viruses, respectively (Fig. 9) . These results indicated that both the Us3-Ser147 phosphorylation site and Us3 protein kinase activity were required for efficient viral replication and development of HSK and periocular skin disease in mice. We note that titers in the tear films and disease scores in mice infected with YK513 (Us3-KM-repair) were lower than those in mice infected with YK517 (Us3-SA-repair). The difference might be due to introduction of a secondary mutation(s) other than the K220M mutation in Us3 into the viral genome of YK511 (Us3-K220M).
Effects of the Us3-S147A mutation on Us3 functions in infected cells. Two series of experiments were performed to investigate whether phosphorylation of Us3 Ser-147 affected regulation of Us3 functions other than those previously reported (13), including nuclear egress of nucleocapsids and prevention of apoptosis. In the first series of experiments, Vero cells were infected with HSV-1(F), R7041 (⌬Us3), or YK515 (Us3-S147A) at an MOI of 5 for 20 h, fixed, and processed for electron microscopy. It has been reported that, in the absence of Us3 protein or Us3 catalytic activity, enveloped virions accumulated within membranous structures which appeared to be invaginations of the inner nuclear membrane into the nu- 6 PFU YK511 (Us3-K220M) or YK513 (Us3-KM-repair) by corneal scarification and scored for HSK and periocular skin disease every other day for 16 days. The data shown are the averages and standard errors of the observations. A statistically significant difference between HSK and periocular skin disease scores in mice infected with YK511 (Us3-K220M) and those infected with YK513 (Us3-KM-repair) was noted (*, P Ͻ 0.01). (C and D) Two independent experiments were done, each using six 5-week-old female ICR mice infected with 1 ϫ 10 6 PFU YK515 (Us3-S147A) or YK517 (Us3-SA-repair) by corneal scarification and scored for HSK and periocular skin disease every other day for 16 days. The results from two independent experiments (each with six mice) were combined. The data shown are the averages and standard errors of the observations. A statistically significant difference between HSK and periocular skin disease scores in mice infected with YK515 (Us3-S147A) and those infected with YK517 (Us3-SA-repair) was noted (*, P Ͻ 0.01).
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cleus, probably leading to a delay in transit from the nucleus to the cytoplasm (40, 42) . In agreement with that report, membranous invaginations retaining several enveloped virions were frequently observed in the nucleus of Vero cells infected with the Us3 null mutant virus R7041 (Fig. 10A-c) . However, membranous invaginations were observed much more rarely in Vero cells infected with wild-type HSV-1(F) or YK515 (Us3-S147A) (Fig. 10A-a and A-b) , indicating that the Us3-S147A mutation had no effect on nuclear membrane morphology in infected cells. Thus, it is likely that phosphorylation of Us3 Ser-147 was not necessary for efficient nuclear egress of nucleocapsids in infected cells.
In the second series of experiments, Vero cells were infected with HSV-1(F), YK511 (Us3-K220M), YK513 (Us3-KM-repair), or YK515 (Us3-S147A) and, at 12 h postinfection, apoptosis was induced by osmotic shock for 1 h. The cells were incubated for an additional 5 h and then harvested and assayed for caspase 3/7 activity. As shown in Fig. 8B , caspase 3/7 activity in YK511 (Us3-K220M)-infected cells was significantly higher than that in HSV-1(F)-infected cells, probably due to the lack of Us3 antiapoptotic activity. Similar results were previously obtained with the Us3 null mutant virus R7041 (15) . Wild-type caspase 3/7 activity was restored in cells infected with YK513 (Us3-KM-repair) (Fig. 10B) . In YK515 (Us3-S147A)-infected cells, caspase 3/7 activity was similar to that in HSV-1(F) infected cells. The differences in caspase 3/7 activity FIG. 9. Effects of the Us3-S147A and Us3-K220M mutations on virus growth in the tear film of mice following corneal infection. In the experiment whose results are shown in Fig. 6 , viral titers in the tear film of infected mice at 1 and 5 days postinfection were determined by standard plaque assays. Each data point represents the titer in the tear film of one mouse. The horizontal bars and figures in parentheses show the average for each group. A statistically significant difference in viral titers between mice infected with YK511 (Us3-K220M) and YK513 (Us3-KM-repair) (A) and between mice infected with YK515 (Us3-S147A) and YK517 (Us3-SA-repair) (B) was noted (*, P Ͻ 0.05).
FIG. 10. (A)
Electron microscopy of Vero cells infected with wildtype HSV-1(F) (a), YK515 (Us3-S147A) (b), or R7041 (⌬Us3) (c) for 20 h. Scale bars, 500 nm; N, nucleus. (B) Caspase 3/7 activity of infected Vero cells after induction of apoptosis by osmotic shock. Vero cells were infected with wild-type HSV-1(F), YK511 (Us3-K220M), YK513 (Us3-KM-repair), or YK515 (Us3-S147A). At 12 h postinfection, the cells were exposed to sorbitol for 1 h, incubated for an additional 5 h, harvested, and assayed for caspase 3/7 activity using a Z-DEVD-aminoluciferin substrate (15) . The values are the averages and standard deviations of the results of three independent experiments. 5780 SAGOU ET AL. J. VIROL.
among HSV-1(F)-, YK511-, YK513-, and YK515-infected cells were not detected without osmotic shock (data not shown). These results indicated that the Us3-S147A mutation did not affect caspase 3/7 activity in infected Vero cells that had received an osmotic shock. Since upregulation of caspase 3/7 activity is a typical indicator of apoptosis, these observations suggested that phosphorylation of Us3 Ser-147 was not required for the antiapoptotic activity of Us3 in infected cells.
DISCUSSION
Herpesviruses commonly encode at least one protein kinase (31) . Protein phosphorylation by protein kinases is one of the most common and important strategies used by cells and viruses to regulate protein activity (5, 16, 23) . Thus, viral protein kinases have been reported to play multiple roles in viral replication by regulation of viral gene expression (37) , encapsidation (45), nuclear egress of nucleocapsids (10, 18, 40, 42) , replication of viral genomes (45) , apoptosis (22, 32) , intracellular trafficking of viral and cellular membrane proteins (7, 12) , and axonal transport of capsids (3) . While the downstream effects of herpesvirus protein kinases have been extensively studied, there is a lack of information on how herpesvirus protein kinase activity is regulated in infected cells. The key finding reported here is that the catalytic activity of HSV-1 protein kinase Us3 was regulated by its autophosphorylation of Us3 Ser-147 in infected cells. To our knowledge, these are the first direct data on the mechanism of regulation of herpesvirus protein kinase activity in infected cells.
For these studies, we developed a monoclonal antibody that specifically recognized Us3-S147 P in infected cells, to study phosphorylation of Us3 Ser-147 and its function in infected cells. This monoclonal antibody enabled us to purify Us3-S147 P by immunoprecipitation from infected cells, while antiUs3 polyclonal antibody, which we generated previously (13) , allowed purification of phosphorylated Us3, unphosphorylated Us3, and a Us3-S147A mutant by immunoprecipitation from infected cell lysates. The specificity of these antibodies enabled us to compare the catalytic activity of Us3-S147 P from infected cells with that of Us3 not phosphorylated at Ser-147. In the present study, we showed that Us3-S147 P purified from infected cells had much higher kinase activity than Us3 not phosphorylated at Ser-147. The protein kinase activity of Us3-S147 P from infected cells was about sevenfold higher than that of Us3 not phosphorylated at Ser-147. These observations indicated that phosphorylation of Us3 Ser-147 upregulated the catalytic activity of Us3 in HSV-1-infected cells. We need to note that the possibility that the phosphorylation of Us3 at Ser-147 alters substrate specificity is less likely, but we cannot eliminate the possibility completely.
The anti-Us3-S147 P antibody also enabled us to examine the relative amounts of total Us3 and Us3-S147 P in wild-type HSV-1(F)-infected cells. These experiments showed that only about 6% of total Us3 protein purified by immunoprecipitation from wild-type HSV-1(F)-infected cells with anti-Us3 polyclonal antibody was phosphorylated at Ser-147. These results indicated that only a small fraction of Us3 is phosphorylated at Ser-147 in infected cells. Furthermore, the data showed that, although Us3 accumulated continuously throughout infection in HSV-1(F)-infected cells, most Us3 Ser-147 phosphorylation (71% of the total Us3-S147 P formed) had occurred by 6 h postinfection, a time when only 23% of total Us3 had accumulated. Consistent with these observations, Us3-S147A accumulation in YK515 (Us3-S147A)-infected cells during early infection (until 12 h postinfection) was delayed by several hours postinfection compared to Us3 accumulation in HSV-1(F)-infected cells. Taken together, these results support the hypothesis that phosphorylation of Us3 at Ser-147 is tightly regulated in infected cells. At present, the mechanism for regulation of phosphorylation of Us3 Ser-147 in HSV-1-infected cells remains unknown. We previously showed that, when Us3 was artificially overexpressed in a baculovirus expression system, the S147A mutation in Us3 had a dramatic inhibitory effect on Us3 protein kinase activity in insect cells (13) . These observations suggested that the majority of Us3 protein expressed in insect cells was efficiently phosphorylated at Ser-147, unlike the Us3 expression in HSV-1-infected Vero cells observed in the present study. There is a possibility that a Us3 cofactor(s), perhaps an HSV-1 factor(s) and/or a cellular factor(s) specifically expressed in mammalian cells, might tightly regulate Us3 autophosphorylation of Ser-147 in HSV-1-infected cells, as reported for a subset of cellular protein kinases, such as calcium/calmodulin-dependent kinase II (2, 46) .
In general, identification of a protein kinase responsible for phosphorylation of a substrate requires demonstration that the protein kinase specifically and directly phosphorylates the substrate in vitro and that phosphorylation of the substrate is altered in cells in which the protein kinase activity is downregulated. We previously reported that Us3 specifically and directly phosphorylated Us3 Ser-147 in vitro (13) . In the present study, we have shown that phosphorylation of Us3 Ser-147 was significantly decreased in cells infected with YK511, encoding a catalytically inactive mutant of Us3 (Us3-K220M). We conclude from all these results that Us3 is the protein kinase responsible for phosphorylation of Us3 Ser-147 in infected cells and, therefore, that it is highly likely that Us3 autophosphorylates its Ser-147 in HSV-1-infected cells. However, we cannot completely eliminate the possibility that a protein kinase(s) other than Us3 is regulated by Us3 and is involved in phosphorylation of Us3 Ser-147. In agreement with this possibility, we previously reported that PKA, whose activity has been suggested to be regulated by Us3 (1), phosphorylated Us3 Ser-147 in vitro (13) .
We previously reported that the S147A mutation in Us3 had no effect on viral growth in cell cultures (13) . Although the mutation affected some Us3 functions, including regulation of infected cell morphology and Us3 accumulation and localization in infected cells, the biological significance of Us3 Ser-147 phosphorylation in viral replication and pathogenesis remained unclear. In the present study, we have shown that the S147A mutation in Us3 significantly reduced viral replication in the cornea and pathogenic sequelae of HSK and periocular skin disease in mice. We conclude that the regulation of Us3 kinase activity by autophosphorylation of its Ser-147 plays a critical role in viral replication in vivo and HSV-1 pathogenesis, based on the results described above and the observation that Ser-147 is a physiological phosphorylation site in Us3 whose phosphorylation is tightly regulated and controls Us3 catalytic activity. At present, the mechanism by which regulation of Us3 kinase activity contributes to HSV-1 pathogenesis remains unclear. The reduced replication capability of YK515 (Us3-S147A), compared to that of YK517 (Us3-SA-repair), may account for its lower pathogenicity in HSK. Since phosphorylation of Us3 Ser-147 stimulated its kinase activity about sevenfold, strict regulation of Us3 Ser-147 phosphorylation may be necessary to avoid too many Us3 target proteins being phosphorylated by Us3, which might be disadvantageous for proper viral replication in vivo. It has been reported that periocular HSV-1 infection involves zosterlike spread from the cornea to periocular skin via sensory ganglia (33, 43) . The observation that the periocular disease score in mice infected with YK515 (Us3-S147A) was lower than that in mice infected with YK517 (Us3-SA-repair) suggested that regulation of Us3 catalytic activity by autophosphorylation of its Ser-147 was required for proper axonal transport of the virus. In agreement with this suggestion, it has been reported that a PRV Us3 homologue plays a role in axonal transport (3).
In conclusion, the data presented here have shown that Us3 catalytic activity was tightly regulated by autophosphorylation in HSV-1-infected cells and that this regulation played a critical role in viral replication in vivo and pathogenesis. Thus far, studies of herpesvirus protein kinases have concentrated on downstream effects of the protein kinases. The present study indicated that the regulation of Us3 enzyme activity is as important as the downstream effects of the enzyme activity. Studies of Us3 regulatory mechanisms should include the identification of cofactor(s), other protein kinase(s), and protein phosphatase(s) that play roles in regulating the Us3 enzyme activity. Finally, we note that, based on the observation that the Us3-S147A mutation affected only limited functions of Us3, the protein kinase activity of Us3 with unphosphorylated Ser-147 seemed to regulate most Us3 functions, including viral replication in cell cultures, blocking of apoptosis, promotion of nuclear egress of progeny nucleocapsids though the nuclear membrane, and redistribution and phosphorylation of viral and cellular factors associated with nuclear membranes. It is possible that there is a regulatory mechanism(s) that controls the basal Us3 protein kinase activity for most Us3 functions. One possibility is that phosphorylation of Us3 by UL13 plays a partial role in the regulation of the basal Us3 protein kinase activity, since a phenotype of UL13 null mutant virus resembles that of Us3 null mutant virus with respect to the localization of UL31 and UL34 (15), whose localization has been shown to be regulated by the Us3 catalytic activity (41) . Elucidation of Us3 regulatory mechanism(s), as well as further definition of previously unreported functional consequences of Us3, is needed to understand the overall features of this viral enzyme.
